Abstract A petrography-geochemistry-based evaluation of the provenance of the sandstones of the Tertiary Middle Siwalik Subgroup in the Lish River Valley, West Bengal, is presented. The framework grains in the sandstones suggest mixing of sediments from spatially separated gneissic, quartzitic and phyllitic source rocks. Modal values of different framework minerals suggest that recycled sediments in an orogenic setting were deposited in the Middle Siwalik basin in the area. The major and trace element ratios suggest dominantly felsic input and mixing with subordinate basic material in an upper continental crustal setup. The major and trace element data also indicate that rocks of a passive margin setting acted as the source to the sediments. The present paper postulates that the Middle Siwalik sediments were derived from pre-Himalayan gneissic and metabasic rocks of an erstwhile passive margin setting and presently forming the Higher and Lesser Himalaya, respectively.
Introduction
Petrography and geochemistry of clastic sedimentary rocks are important tools to understand the character of provenance of siliciclastic rocks (Critelli et al. 2008; Luca Caracciolo et al. 2012) . Petrography of sandstones is widely used to understand the lithological character of the source rocks (e.g. Crook 1974; Folk 1974; Blatt et al. 1980; Potter 1986; Pettijohn et al. 1987; Critelli et al. 1990; Weltje 2002; Basu 2003) and to infer their possible tectonic setting (e.g. Dickinson and Suczek 1979; Dickinson 1985 Dickinson , 1988 Dickinson et al. 1983; Asiedu et al. 2000) . These studies mostly used the mineralogy, alteration chemistry, textural attributes and modal values of framework grains within investigated clastic sedimentary rocks, particularly sandstones. Modal values are used to understand the tectonic settings of the source rocks for Himalayan sediments (Critelli and Ingersoll 1994; Garzanti et al. 1996; Kundu et al. 2012) . To understand the type of source rocks and also their tectonic setting, different authors (e.g. Bhatia 1983 Bhatia , 1985 McLennan et al. 1993; Taylor and McLennan 1985; Roser and Korsch 1988; Nesbitt and Young 1989; Condie 1991; Cullers 1994; Armstrong-Altrin et al. 2004; Paikaray et al. 2005 Paikaray et al. , 2008 have also used major oxide and trace element quantities and ratios in clastic sedimentary rocks like sandstones, greywackes and shales.
Petrographic and chemical analytical techniques for provenance analysis of the Siwalik rocks of north-western Himalaya in India and Pakistan, eastern Himalaya in India and central Himalaya in Nepal along the sub-Himalayan belt have been applied successfully. Petrography has been used as a tool for this purpose by Chaudhri (1971) , Parkash et al. (1980) , Critelli and Ingersoll (1994) , Critelli and Garzanti (1994) , Garzanti et al. (1996) and Kundu et al. (2012) , while geochemistry of the Siwalik sedimentary rocks has been used by others (DeCelles et al. 1998; Najman and Garzanti 2000; Ranjan and Banerjee 2009) . The Lesser Himalayan and Higher Himalayan rocks are established as source rocks for Siwalik sediments from these works. The Lesser and Higher Himalayan rocks, present on the hinterland with respect to the frontal sub-Himalayan belt, predate the Himalayan collision (Yin 2006 and references therein). Therefore, it is possible that these rocks were located along the margins of the colliding continents.
The present work is aimed at elucidating the provenance of the clastic sedimentary rocks of the Late-Miocene Middle Siwalik Subgroup in the Lish River Valley of Darjeeling district of West Bengal, using both petrographic and chemical data generated from sandstone samples, including additionally estimation of the pre-collision tectonic setting of the source of these Siwalik sediments. Kundu et al. (2012) analysed the provenance of Middle Siwalik sandstones from the Tista River Valley, adjacent to the present section, but did not examine the pre-Himalayan tectonic setting of the source rocks. Therefore, the present study will provide important information for a more complete understanding of the provenance of the Middle Siwalik of the eastern Himalaya. Studies comparing quantitative data from both mineralogical and geochemical analytical methods on the same sample set are uncommon (Von Eynatten et al. 2003 ).
Geological setting
The major tectonic units of the Himalayan orogeny, from north to south, are the South Tibet Detachment (STD), Main Central Thrust System (MCT-1 and MCT-2), the Ramgarh Thrust (RT), the Main Boundary Thrust (MBT) and the Main Frontal Thrust (MFT) (Valdiya 1980; Yin 2006) (Fig. 1a, b) . The MCT-1 carries granulite facies paragneisses (Darjeeling/ Kanchenjunga Gneiss), and the MCT-2 carries amphibolite facies metamorphites (Paro-Lingtse Gneiss) of the Greater Himalayan Sequence over the metamorphic rocks of the RT sheet. The RT separates the Upper Lesser Himalayan sequence from the Lower Lesser Himalayan sequence (Valdiya 1980; Bhattacharyya and Mitra 2009) , and the MBT separates the Lesser and sub-Himalayan sequences (Gansser 1964; Yin 2006) (Fig. 1a, b) . The southernmost and youngest fault, the MFT, separates the Mio-Pliocene Siwalik Group, on its hanging wall from the unconsolidated recent alluvium of the IndoGangetic plains in its footwall (Hodges 2000; Yin 2006 and references therein). In the Darjeeling and Jalpaiguri districts in eastern Himalaya, the MFT is not exposed and can only be recognised from scarps cutting the river terraces (Malik and Nakata 2003) . In this area only, the Lower and Middle Siwalik rocks are exposed (Banerji and Banerji 1982; Kundu et al. 2012) in the MFT sheet. The Middle Siwalik rocks are deformed by several north dipping imbricate thrusts (Mukul 2000 and references therein; Kundu et al. 2011; . The present area of study is within the frontal-most part of the Tista Half Window (Fig. 1b) . The studied sub-Himalayan sequence in the Lish River Valley is made up of a succession of coarse, medium and fine sandstone; siltstone; mudstone; and conglomerate (Table 1) of Late-Miocene Middle Siwalik affinity (Banerji and Banerji 1982) . The Middle Siwalik sequence of Tista Valley at ∼3 km to the west of the present area of study was deposited in an alluvial fan setting in the tectonically active foreland of the Himalayan orogen (Banerji and Banerji 1982; Kundu et al. 2012 , refer to their Fig. 6 ) while Mandal et al. (2014) have proposed a combination of alluvial fan, flood plain and lacustrine setting for the deposition of Siwalik sediments of the Darjeeling region. Lower and Upper Siwalik rocks are not observed in exposures in this area. The Middle Siwalik sequence is structurally disturbed by five thrust faults with gentle (∼10°) to moderate (∼45°) dip towards the north (addressed as BT-1, BT-2, BT-3, BT-4 and BT-5; from north to south, Fig. 1c ). These faults are identified from the presence of slickensides; slickensides containing slickenlines; and tens-of-centimetre-thick fault zones containing typical brittle fault rocks like breccia, cataclasite and gouge (cf. Sibson 1977; Blenkinsop 2002 ).
Methods
In order to unveil the processes responsible for formation of Middle Siwalik sequence, different sedimentary facies and their associations are identified (cf. Reading and Levell 1996; Neves et al. 2005) on the basis of lithology and sedimentary structures (cf. Selley 1985) . The pre-thrusting palaeocurrent data are generated by rotation of the palaeocurrent data (cf. Ragan 2009) measured from crossstrata preserved within the north dipping beds, carried by the north dipping thrust faults (BT-1 to BT-5). The resultant (prethrusting) palaeocurrent data are used to construct rose diagrams through the Georient 9.0 software (Holocombe 1994) to understand the direction patterns of palaeocurrents. Twenty medium-grained sandstone samples were studied under the petrographic microscope for their mineralogy, textural attributes and signatures of deformation and alteration of the framework grains as well as the nature of the matrix (Pettijohn et al. 1987; Dorsey 1988; Garzanti and Vezzoli 2003) . Counting of 300-350 points per thin section was done Fig. 1 a Generalised geological map of the Himalayan mountain belt (after Yin 2006) . The area of study is shown. b Generalised geological map of the Tista half-window in the Darjeeling-Sikkim Himalaya (simplified after Schwan 1980; Bhattacharyya and Mitra 2009) . MCT-1 and MCT-2 Main Central Thrust (1 and 2), RT Ramgarh Thrust, MBT Main Boundary Thrust, MF mountain front. Area of present study is marked in rectangular box. c Geological map of the area of study. BT-1, BT-2, BT-3, BT-4 and BT-5 are thrusts punctuating the Middle Siwalik Group. RT Ramgarh thrust, MBT Main Boundary Thrust following the Gazzi-Dickinson point-counting method (Gazzi 1966; Dickinson 1970; Ingersoll et al. 1984) . Well-sorted medium-grained sandstones were considered for point counting in order to reduce the effect of grain size (Lee and Acharyya and Shastry (1979) and Acharyya (1994) Sheen 1998). The counting grid used had apertures larger than the average size of framework grains in order to avoid repetition of counting on individual grains. Framework constituents were classified into monocrystalline quartz (Qm), polycrystalline quartz (Qp) (Qm + Qp = total q u a r t z ( Q t ) ) , f e l d s p a r ( F ) , s e d i m e n t a r y a n d metasedimentary lithic fragments (Ls) and volcanic lithic fragments (Lv) (Ls + Lv = (L)) according to the established schemes proposed by Dickinson and Suczek (1979) , Dickinson et al. (1983) and Dickinson (1985) . Results of point counts normalised to 100 % are presented in Table 2 . Modal values of total quartz (Q), feldspar (F) and lithic constituents (L) within the framework are also used to classify the sandstones (cf. Folk 1974) . All such sandstone petrographic data are in the end proportions and thus constrained by their constant-sum nature (i.e. all the variables concerned add up to a constant value, a total of 100 %, or alternatively reflect values between 0 and 1) (cf., Aitchison 1986); as a result, the variables (mineralogy determined by point counting) will not change independently of each other, resulting in the data not having a multivariate normal distribution and thus not allowing application of parametric statistical methods (Von Eynatten et al. 2003) . Even in studies with much larger sample sets than the 20 examined here, petrographic-mineralogical studies are not well suited to multivariate discriminatory analysis (e.g. Ibbeken and Schleyer 1991; Von Eynatten et al. 2003 , for example, used 52 samples).
The contents of major element oxides, trace elements and rare earth elements in 16 fine-grained sandstone samples were analyzed in the laboratory of the Wadia Institute of Himalayan Geology, Dehra Dun, India. Fine-grained sandstones, not the same 20 medium-grained sandstone samples used for petrographic studies, were selected for analysis, as finer siliciclastic rocks are more suitable than the coarser rocks for chemical analysis (McLennan et al. 1993) . Major oxides and trace elements were quantified in an XRF Sequential Spectrometer (XRF-Siemens SRS-3000) following procedures described in Saini et al. (2000) while the rare earth elements were quantified in an inductively coupled plasma mass spectrometer (ICP-MS) (ELAN-DRC-E). Precision and accuracy were examined with international standard reference samples SDO-1, GSS-4 and SO-1. Measuring error in XRF may be 2-5 % while that in ICP-MS is <5 % (Ahmad et al. 2005; Rao and Rai 2006) ). The rare earth element (REE) data were normalised relative to the C1 chondrite values (Taylor and McLennan 1985) . The analytical data are presented in Table 3 Sandstone types Q, F and L values are plotted in the sandstone classification diagram of Folk (1974) where 15 samples fall in the feldspathic litharenite field, 2 in the sub-arkose field, 2 in the lithic arkose field and 1 in the litharenite field (Fig. 2a) . Plots within the litharenite, feldspathic litharenite and sub-arkose fields are associated with high amounts of quartz, and therefore, the samples are characterised by slight mineralogical maturity. In the diagram used for geochemical classification of the sandstones by Pettijohn et al. (1987) , 15 out of 16 samples fall in the litharenites field and only 1 in the sub-arkose field (Fig. 2b) which also corroborates the results derived from Q, F and L values. Within the litharenites field, two samples show close affinity to arkose and 1 to sub-arkose. The sandstone types derived from the two classification schemes differ (Fig. 2a, b) , as in the modal classification, only the mineralogy of the framework grains of medium-grained sandstones is considered (cf. Lee and Sheen 1998) , while in the chemical classification, the whole rock chemistry of fine-grained sandstone is used (cf. McLennan et al. 1993) . SiO 2 /Al 2 O 3 values >5.0-6.0 in sediments are an indication of progressive maturity (Roser et al. 1996; cf. Liu et al. 2007 ). The SiO 2 /Al 2 O 3 values of sandstone samples of the present study range from 2.67 to 12.52 with an average of 5.99 indicating low to moderate sediment maturity (cf. Liu et al. 2007 ).
Sedimentary facies
The ∼250-m-thick sequence, measured from the BT-3 sheet, within the repeated Middle Siwalik sequence, that carries the thickest sediment package, is dominated by sandstone beds while conglomerate and siltstone-mudstone beds are subordinate members. Four distinct types of sandstone facies are identified: medium-grained sandstone (mostly arkosic) (S1), coarse-to medium-grained sandstone (litharenites and arkose) with pebbles (S2), coarse-to medium-grained sandstone (dominantly arkosic, some litharenites) without pebbles (S3) and fine-grained sandstone (arkosic) (S4). The S1 consists of thick beds showing normal grading and preserve plane laminae, tabular crossstratification ( Fig. 3a) and megaripple cross-strata (Fig. 3b) ; the S2 consists of trough cross-strata and channel structures, often interlaced, with pebbles at the channel bases; the S3 is sheet sand bodies without any other primary structure and the S4 is plane laminated and often with small-scale ripples (Fig. 3c) . The planar tabular crossstrata present in sandstones are 1-3 mm thick and are moderately inclined with overall bedding (Fig. 3a) , trough cross-stratification, megaripple or dune cross-stratification having low angles with bedding planes (Fig. 3b) , climbing ripple cross-stratification (cf. Allen 1973) and small-scale ripples (Fig. 3c) . Small-scale ripple bedding is also present in the laminasets of heterolithic units. In fine-grained sandstone and in heterolithic units, planar tabular cross-strata of variable orientations are present in close associations. Cross-strata of different orientations are often present within the same bed. Interlaced channel structures are present in sandstones at different stratigraphic levels. The channels are commonly shallow (5-50 cm thick between upper and lower bounding surfaces) with 25-cm to ∼5-m width. Some of the sandstone beds are devoid of any internal sedimentary structures and show sheet geometry. The conglomerate members of the sequence can be classified into four distinct facies: crude cross-stratified matrix-supported (matrix > framework) conglomerates (facies C1) where volume of matrix in the rocks is greater than that of framework. Beds of this facies show randomly arranged angular to sub-rounded pebbles, matrix-supported conglomerate (matrix > framework) in thick beds without any conspicuous primary structure (C2) (Fig. 3d) , clast-supported cross-stratified conglomerate facies (framework > matrix) with pebble imbrication and crude planar cross-strata defined by arrangement of pebbles (C3) and matrix-supported conglomerate beds with or without grading and with channel structure and trough cross-strata (C4). In conglomerates, the most common types of cross-strata, defined by arrangement of pebbles, are large planar tabular structures with low angle (10°-20°) with bedding. Trough cross-strata and interlaced channel structures are also present in conglomerates. Widths of the channels in the sections vary from 30 to 2.5 m while their depths vary from 20 to 50 cm. These dimensions indicate that these channels were narrow and shallow. In the stacks of channels, channel-fill sediments of underlying channels are scoured by the immediately overlying channels. Younger channels often cut the margins of adjacent older channels indicating lateral migration of channels.
In the other two facies, siltstone and mudstone are the dominant litho-types. In the heterolithic (interlayered package of thin sandstone, siltstone and mudstone beds) units (H1), plane laminae, small-scale ripple laminae and small-scale cross-strata are common primary structures. Composite bedsets of siltstone-mudstone, completely devoid of sandstone, with plane laminae form the M1 facies (Fig. 3e) . The pre-thrusting palaeocurrent pattern shows maximum spread between SW and SE at almost all stratigraphic levels (Fig. 4) . Minor spreads towards east and west are also evident at different stratigraphic levels (Fig. 4) .
Each facies unit is repeated in the sequence and shows several facies associations. The associations are identified, and their repetitions in the sequence are studied to understand the series of processes responsible for sedimentation, changes in and interactions between the conditions of sedimentation (cf. Neves et al. 2005; Nichols 2009; Wysocka 2009 ). The lowermost facies association is ∼27 m thick and consists of C1, C2, S4, H1 and M1 facies units and is addressed as As1. The overlying, ∼21-m-thick, facies association, addressed as As2, consists of S3, S2, S4 and H1 facies units and is devoid of any conglomerate facies unit. The association (∼11.5 m thick) overlying the As2 consists of similar facies units as of As1 and is therefore a repetition of As1. The next overlying association is ∼12.5 m thick and is similar to As2 association, as it consists of S3, S2, S4 and H1. This association is overlain by an ∼25-m-thick association consisting of S1, S4, H1 and M1 and is addressed as As3. The next association towards the top is ∼90 m thick and consists of facies units similar to As2 and is therefore a repetition of As2. The As1, consisting of C1, C2, C3, S4, H1 and M1 facies units, is again repeated in the sequence as a ∼16-m-thick sediment package overlying the As2. This As2, consisting of S3, S2, F8 and H1, is again repeated as a ∼8.5-m-thick sediment package above the As1. The topmost association is a ∼38.5-m-thick sediment package Fig. 2 a Classification of Middle Siwalik sandstones of the Lish River Valley after Folk (1974) . b Chemical classification of Middle Siwalik sandstone samples in log (SiO2/Al2O3) vs. log (Na2O/ K2O) diagram of Pettijohn et al. (1987) . Shaded area encompasses plots of Lower and Middle Siwalik rocks from Punjab Recess by Sinha et al. (2007) consisting of C4 and S1. This association appears only once in the sequence and is addressed as As4.
Depositional setting
In the Middle Siwalik sequence (Fig. 2) , each facies is repeated and similar associations are also reported from the adjacent section of Siwalik rocks along the Tista River Valley section (Kundu et al. 2012 ). The facies S1 bears characters of longitudinal bar deposits along the banks in the mid-fan region of alluvial fans (cf. Miall 1992 Miall , 1996 Mazumder 2002; Zielinski and van Loon 1999a, b) . The S2 facies indicates deposition in a high-energy setting of a proximal fan as characterised by coarse sand, pebbles at channel bases (Zielinski and van Loon 1999a; Zakir Hossain et al. 2002; Kundu et al. 2012) or in a mid-fan setup with coalescing or interlacing channels (Opluštil et al. 2005) . Sheet sand geometry without any channelised deposit and an absence of any other primary structure in S3 facies unit together point to waning energy flood deposits possibly in distal fans (e.g. Zavala 2008; MacCarthy 1990; Sadler and Kelly 1993) . In the thick conglomerate beds of C1 and C2 facies, sparse presence of grading, planar stratification of C1 and absence of sedimentary structures in C2 indicate deposition in proximal fan (Miall 1996; Zielinski and van Loon 1999b; Neves et al. 2005 ). C3 and C4 facies indicate mid-fan deposition preserving signatures of bar migration and lateral channel shifts in the braided region of alluvial fans (Reineck and Singh 1975; Miall 1977; Opluštil et al. 2005; Casshyap and Tewari 1984) . The finegrained facies (S4, H1 and M1) point to deposition from suspension load in low-energy condition possibly within shallow braided channels in the distal fan (Rust 1972; Kumar and Tandon 1985; Dreyer 1993) .
The dominantly conglomeratic facies association As1 possibly was formed by high-energy gravity flow, characteristic of the proximal fan zone (Neves et al. 2005; Nichols and Fisher 2007 and references therein). The coarse-to mediumgrained sandstone-dominated As2 signifies deposition from channelised flow whereas the subordinate finer sediments were deposited from overbank flows. S2 facies in this association indicates braided channel deposits, typical in mid-fan zones. Facies association As3, dominated by H1 and M1 facies, suggests deposition in reduced energy conditions characteristics of the distal fan zone (Mishra et al. 2004 and references therein). Conglomerates with cross-strata in As4 suggest high-energy flow in braided channels in the mid-fan region in proximity to the high-energy proximal fan (Mishra et al. 2004 and references therein) . A similar set of facies associations has been found in the Middle Siwalik sequence of the Tista River Valley section adjacent to the present area of study (Kundu et al. 2012) . The facies attributes and the palaeocurrent data together led us to conclude that the Middle Siwalik sediments in the study area were deposited in a major alluvial fan with a SW trending fan axis. The major orogen transverse stream was possibly flowing towards SSW through the fan. The river system therefore brought the sediment load from the Lesser and Higher Himalaya to the north. Palaeocurrent data indicate that a major alluvial fan and several smaller (higher order) alluvial fans formed by tributaries of the first-order stream together formed a coalescing alluvial fan. Repetition of the similar facies and also the palaeocurrent patterns together also point to shifting of the major as well minor fans with time, resulting in deposition in different sub-basins of the alluvial fan, one above the other. Repetitive basin-ward progression of thrust fronts pushing the mountain front towards the then foreland basin and intermediate erosional phases could have caused such facies repetitions (cf. Raiverman 2002; Kundu et al. 2012) .
Sandstone petrography
In the studied sandstones, the framework grains consist mainly of quartz, orthoclase, plagioclase and rock fragments. Grains of quartz (∼65-55 % of the volume of rock) are usually (∼80-90 % of the quartz grains) monocrystalline (Fig. 5a ) with subordinate amounts of polycrystalline grains (Fig. 5b ) (Fig. 5a ). Grains of feldspar constitute ∼15-20 % of the volume of rock. Both alkali and plagioclase feldspars are present. Most of the feldspars are orthoclase (∼90 %). Feldspar grains are angular to sub-rounded, and some alkali feldspars show perthite intergrowths (Fig. 5c ). They are either unaltered or are partially altered to sericite (Fig. 5c) . Undulose extinction is seen in many (∼30 %) of the feldspar grains. In some plagioclase feldspar grains, the twin lamellae are kinked (cf. Passchier and Trouw 2005) . Rock fragments (constituting ∼10 % of the volume of rock) are represented by quartzite, chert, gneiss, slate, phyllite, mica schist and fragments of cataclasite showing clast-in-matrix texture (Fig. 5b) . Biotite and muscovite flakes are bent or kinked and show undulose extinction (Fig. 5c) .
Matrix constitutes ∼5-10 % of the volume of rock and is made up of silica and tiny biotite flakes. Silica cement is present. Carbonate is present along fractures and also in the intergranular spaces (Fig. 5a ) which indicate precipitation of carbonate in the sandstones after deposition of the sediments.
Modal analysis
Modal compositional data (percentage of grain counts from the framework, Table 2 ) were plotted in ternary diagrams. In the Qm-F-Lt and Qt-F-L diagrams (Dickinson 1985; Dickinson et al. 1983) , the plots fall in the 'recycled orogen' and 'quartzose recycled' fields, respectively (Fig. 6a, b) . In the Qp-Lv-LS diagram (Dickinson and Suczek 1979) , the plots are in the 'collisional orogen sources' field (Fig. 6c) .
Interpretation of geochemical data Major elements
The SiO 2 content in the rocks varies from ∼55.5 to ∼87.5 % with an average of 72.6 % suggesting very high quartz content. CaO (∼0.2 to ∼2.5 %) and Na 2 O (∼0.3 to ∼2 %) were possibly contributed by plagioclase whereas moderate K 2 O (∼1.5 to ∼4.5 %) content reflects contribution from Kfeldspars and mica. The K 2 O and Na 2 O values support the petrographic observation that orthoclase dominates over plagioclase. High Al 2 O 3 (∼7 to ∼21 %) content suggests the Fig. 6 Ternary plots of modal values of framework components in Middle Siwalik sandstones on Lish valley. a Q-F-L plots in the recycled orogenic provenance field (cf. Dickinson 1985) . b Qm-F-Lt plots in the quartzose recycled provenance field (cf. Dickinson et al. 1983) . c Qp-Lv-Ls plots in the collisional orogen sources for the detritus (cf. Dickinson and Suczek 1979) Fig. 7 a Al 2 O 3 vs. TiO 2 plot to decipher provenance lithology after Amajor (1987) . b Discriminant function diagram (after Roser and Korsch 1988) reflecting intermediate to felsic character of provenance presence of clay minerals and micas while low TiO 2 (0.25 to ∼0.9 %) content indicates rarity of Ti-bearing minerals.
The TiO 2 -Al 2 O 3 ratios suggest depletion of Ti-bearing minerals like rutile, ilmenite, etc. The TiO 2 vs. Al 2 O 3 plots (Fig. 7a) (cf. Amajor 1987) show that the analysed samples fall in the granite and granite-basalt fields. Discriminant function analysis, the established statistical method, is used to analyze the major element geochemical data. This analysis basically produces a set of linear functions which are derived from multiple variables (in this case, various major element ratios) to enable the greatest separation between groups of standard data; the latter groups are pre-defined (e.g. Roser and Korsch 1988) . In this paper, the pre-defined groups are either different provenance terranes or different plate tectonic settings. Several detailed methods towards these two ends are applied. Application of discriminant function analysis to geochemical data for sandstones has shown an acceptable level of success, as the plots are in expected fields for tectonic settings, both Himalayan and pre-Himalayan, of provenance (cf.
Armstrong-Altrin and Verma 2005) although transport and concomitant grain size changes, diagenesis and weathering play a role in addition to source area compositions (e.g. Korsch 1986, 1988; Bhatia 1983; Bhatia and Crook 1986; Armstrong-Altrin and Verma 2005) .
These discriminant functions involve ratios of TiO 2 , Fe 2 O 3 , MgO, Na 2 O and K 2 O to Al 2 O 3 and circumvent the problem of non-clastic calcium oxide and silica. The plots of discriminant function values for the analysed samples in the discriminant diagram (Fig. 7b) are spread in the intermediate igneous (six data points), felsic igneous (seven points) and quartzose sedimentary provenance (three points) fields. A few points fall in the quartzose sedimentary fields which possibly indicate recycling of sediments initially derived from felsic/ intermediate sources. Roser and Korsch (1986) and Maynard et al. (1982) have used major element oxide discriminant function diagrams to unveil provenance settings. Four source settings: ocean island arc, continental island arc, passive margin (PM) and active Maynard et al. 1982) for differentiation of plate tectonic settings. PM passive margin, ACM active continental margin. Note that Siwalik rocks of present area and from western Himalaya are plotted in the passive margin field. c Major element plots on the tectonic setting discrimination diagram after Kroonenberg (1994) . A Oceanic island Arc, B continental island Arc, C active continental margin, D passive margin continental margin (ACM), are discriminated through this diagram. Kroonenberg (1994) used major element oxide values in a ternary plot also to discriminate between the provenance settings. In the Na 2 O/K 2 O vs. SiO 2 diagram (Fig. 8a) (cf. Roser and Korsch 1986) , all the plots are in the PM field. Similar distribution is found in the SiO 2 /Al 2 O 3 -K 2 O/Na 2 O plots (Fig. 8b) (cf. Maynard et al. 1982) . In the SiO 2 /20-K 2 O + Na 2 O-TiO 2 + Fe 2 O 3 + MgO diagram also (Fig. 8c) (cf. Kroonenberg 1994) , the samples plot in the PM field with only one exception which is plotted in the continental island arc field.
For siliciclastic rocks, some other major oxide plots that can potentially be used (e.g. K 2 O/Na 2 O and Al 2 O 3 / (CaO + Na 2 O) vs. (Fe 2 O 3 + MgO); Bhatia 1983) often show widely scattered patterns of data points, mainly due to considerable carbonate in matrix, secondary alteration in feldspars and rock fragments and also abundant detrital muscovite and insignificant amount of feldspars (Mader and Neubauer 2004) and therefore are excluded here, as those plots are inappropriate for interpretations. (1989) has shown that changes during transport of sediment and diagenesis after deposition can affect the sedimentary geochemical record, which may lead to erroneous interpretation from geochemical data and particularly for the more mobile major element oxide data. Studies have also recommended that the amounts of some trace elements and REE, which are less mobile in comparison to the major elements, reflect their concentrations in the sources and are therefore useful indicators of the process of sedimentation, provenance and tectonic setting (Cullers 1988; Bhatia and Crook 1986; Taylor and McLennan 1985; Stone 1991: McLennan et al. 1993) .
Trace and REEs

McLennan
Trace element concentrations in sedimentary rocks help in revealing the composition of the extant crust, particularly the upper continental crust from which detritus was derived. The useful elements are Th, Ni, Y, Cr and REEs. In the Middle Siwalik samples, the Cr/V (0.7 to 11.5) values are well below those typical for mafic sources, while high Y/Ni (0.6 to 5) and low Cr/V values indicate felsic source rocks (c.f. Hiscott Bhatia and Crook (1986) and Cullers (1995) . Note that samples of present study and from Punjab recess (Sinha et al. 2007) (Ranjan and Banerjee 2009) 1984; Dinelli et al. 1999; de Luchi et al. 2002) . According to Bhatia and Crook (1986) , La/Th values are within 1.77-2.36 in the metasandstones of continental margins and reflect some basic detritus input if the value is greater than 3. La/Th values (∼1.9 to ∼3.6 with only two samples with the ratio above 3) of the analysed samples therefore mostly indicate continental margin setting with some basic input.
The Th/Sc ratio is an index of provenance. The ratio is higher in samples from active margin settings than from PMs (McLennan et al. 1990 ). Hydraulic sorting and reworking during sedimentation lead to concentration of resistant phases like zircon. The Zr/SC values (ranging between 9.3 and 88.5) are more than 10 in all the Middle Siwalik samples except one, while the Th/Sc values (ranging between 1.5 and 7.4) are more than 1 in all samples; taken together, these data indicate continental igneous sources with intense reworking of the sediment that has increased the concentration of Zr (de Luchi et al. 2002) . A negative slope with a shift towards the higher values is shown by the plots in the Zr/Sc against Th/Sc diagram ( Fig. 9a) (cf. McLennan et al. 1993) , and a shift towards higher values of both parameters indicates increased concentration of heavy minerals which is possibly an indication of prolonged recycling of the sediments.
Plate tectonic settings of palaeobasins of sedimentation are generally discriminated from bivariate and trivariate plots of trace elements (Bhatia and Crook 1986; Cullers 1995) . Middle Siwalik data points in the Th-Sc diagram are within the field of source with 'continental signature' (Fig. 9b) (c.f. Chakrabarti et al. 2009 and references therein) . Plots in the La-Th-Sc ternary diagram are mainly in the granite-gneiss source field with subordinate metabasic input. In this diagram, the data plots are also within the fields of PM and/or ACM settings (Fig. 9c ) (cf. Bhatia and Crook 1986; Cullers 1995) .
The chondrite normalised REE values match well with PostArchaean Australian shale (PAAS) and Upper Continental Crustal (UCC) values (Fig. 9d ) (cf. Taylor and McLennan 1985; McLennan 2001 ). An almost similar pattern is shown by Middle Siwalik samples from the Kangra and Dehra Dun sub-basins (Ranjan and Banerjee 2009) . The steep LREE, almost flat HREE and negative Eu anomaly indicate a continental source (after Taylor and McLennan 1985; Gromet et al. 1984) .
Discussion
In the Eastern Himalaya, the Higher Himalayan lithologies consist of Precambrian granitic-gneissic rocks (Paro-Lingtse Gneiss and Darjeeling Gneiss) and the Lesser Himalayan succession consists of phyllites, chlorite-schists and metabasic slates (Table 1; Acharyya 1994; Matin and Mukul 2010) . Analysis of facies attributes of the Middle Siwalik sedimentary rocks and palaeocurrent data reveals deposition in a coalescing alluvial fan depositional setup where the subenvironments were shifted with time due to repetitive propagations of thrust faults and intermediate erosional regimes. The first-order stream flowed SSW bringing sediment load from the elevated hinterland to debouch in the Middle Siwalik basin.
Sandstone provenance is analysed through sandstone grain mineralogy of medium-grained sandstones and by whole-rock geochemistry of fine-grained sandstones. The first method allows discrimination of detrital and diagenetic components and also enables study of grain textures; these advantages of the mineralogical method are balanced by the geochemical method being much faster and lacking point-counting errors (Rollinson 1993; Von Eynatten et al. 2003) . Mineralogy and geochemistry of the studied sandstone samples of the Middle Siwalik sequence show that the sediments were derived chiefly from felsic to intermediate plutonic and low-grade metamorphic sources. Therefore, the Precambrian gneisses namely the Paro-Lingtse Gneiss and Darjeeling Gneiss of the Higher Himalaya and the metabasic rocks of the Lesser Himalaya can be logically considered as the main source rocks. All of these Fig. 10 Schematic diagrams showing a pre-collision setting and passive margins and b uplift of Higher and Lesser Himalaya, the source areas of Middle Siwalik sediments and also the alluvial fan depositional setting in Middle Siwalik three rock groups are older than the India-Tibet collision event that occurred ∼55 MY ago (Yin and Harrison 2000) . The presence of both monocrystalline and polycrystalline quartz, quartz and feldspar grains with different degrees of roundness, quartz and feldspar grains with different intensities of undulose extinction and feldspar grains with various degrees of alteration; presence of deformed and undeformed mica flakes; and presence of different types of lithic fragments in the framework of the sampled sandstones indicate mixing of materials from spatially separated source rocks. Cataclasite fragments indicate presence of fault rocks in the source area. Fragments of various rocks (quartzite, chert, phyllite, mica schist and gneiss) suggest derivation of sediment from foldand-thrust belts (Dickinson and Suczek 1979; Franzinelli and Porter 1983; Dickinson 1985) . Modal values of framework components also suggest that the sediments were derived from an orogenic source. Major element oxide plots (TiO 2 -Al 2 O 3 ), major element discriminant plots and trace element ratios (Th/ Sc, La/Th, Y/Ni and Cr/V) suggest mixing of detritus dominantly from felsic source with subordinate input from mafic source in a continental setting. REE values also suggest a continental source of the Middle Siwalik sediments. Trace element values show enrichment of resistant minerals like zircon, and the Th/Sc vs Zr/Sc plot suggests prolonged recycling of sediments which is possible in an orogenic setup. The inferred PM and subordinate ACM setting of the source rocks as reflected from various plots of major element oxides and trace elements therefore point to the rocks of a precollision continental margin (Fig. 10a) .
Major and trace element plots used for understanding the character and possible tectonic setting of provenance lithologies and the recycling history related to Middle Siwalik sedimentation in the area of study are compared with Siwalik sediments of the western Himalaya presented by Sinha et al. (2007) and Ranjan and Banerjee (2009) . The comparisons show similarly interpreted tectonic settings. Observed differences in rock types and recycling history are possibly due to inclusion of the Lower and Upper Siwalik rocks in the works of Sinha et al. (2007) and Ranjan and Banerjee (2009) whereas this study deals only with the Middle Siwalik succession. The similar results obtained from these other studies of Siwalik provenance character suggest that the relatively low sample numbers in the present study have relevance and provide useful new data. Each of the methods for inferring provenance composition and tectonic setting used in this paper can be criticised as having some shortcoming(s); we use a large range of widely accepted methods to address this inherent problem, as have many other studies before this one.
After the Himalayan collision, the Darjeeling Gneiss and Paro-Lingtse Gneiss were thrust upward due to the activation of the Main Central Thrust (MCT) system (Yin 2006; Bhattacharyya and Mitra 2009) followed by the uplift of the Daling Group by the Ramgarh Thrust (Bhattacharyya and Mitra 2009 ). Meigs et al. (1995) suggested a Middle to Late Miocene age for the MBT, the thrust which has transported the Lesser Himalayan rocks over the Siwalik sediments (Fig. 10b) . It can thus be envisaged that the uplift and subsequent erosion of the Lesser Himalaya in this region were concomitant with the Late Miocene-Pliocene Middle Siwalik sedimentation.
